Tailoring the electronic texture of a topological insulator via its surface orientation 
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Three dimensional topological insulator crystals consist of an insulating bulk enclosed by metallic 
surfaces, and detailed theoretical predictions about the surface state band topology and spin texture 
are available 1- 7 . While several topological insulator materials are currently known, the existence 
and topology of these metallic states have only ever been probed for one particular surface orientation 
of a given material. For most topological insulators, such as Bii-ccSbx and Bi2Se3, this surface is the 
closed-packed (111) surface and it supports one topologically guaranteed surface state Dirac cone. 
Here we experimentally realise a non closed-packed surface of a topological insulator, Bii_a;Sbcc(110), 
and probe the surface state topology by angle-resolved photoemission. As expected, this surface also 
supports metallic states but the change in surface orientation drastically modifies the band topology, 
leading to three Dirac cones instead of one, in excellent agreement with the theoretical predictions 
[5] but in contrast to any other experimentally studied TI surface. This illustrates the possibility 
to tailor the basic topological properties of the surface via its crystallographic direction. Here it 
introduces a valley degree of freedom not previously achieved for topological insulator systems. 



PACS numbers: 

For the topological insulator (TI) surfaces studied so 
far, the predicted Fermi contour consists of an odd num- 
ber of Dirac cones around the Brillouin zone centre f 
(see e.g. Refs. [8HT2j) but more complex scenarios with 
Dirac cones around three translation invariant momenta 
(TRIMs) have been predicted for non-(lll) surfaces of 
Bii-:rSb^ [5^ and for SmB6(001) [13]. The possibility of 
such a scenario is closely linked to the bulk electronic 
structure of a TL If the bulk parity inversion only takes 
place at the Brillouin zone centre F, this leads to an odd 
number of closed Fermi contours around the surface Bril- 
louin zone centre f for every possible surface orientation, 
but if the bulk parity inversion happens at another bulk 
TRIM, one should be able to change the surface state 
topology by choosing different surface orientations. Can- 
didates for TI materials allowing this are Bii-a^Sb^; (par- 
ity inversion at every bulk TRIM except L [5]), PbBi2Te4 
(parity inversion at Z [11^) and SbBe (parity inversion at 

So far, surface state topology investigations by angle- 
resolved photoemission spectroscopy (ARPES) have only 
been performed for surfaces with a topologically pre- 
dicted single Dirac cone around f . Indeed, only one sur- 
face orientation for a given TI has so far been probed, 
such that even the basic expectation of a bulk material 
completely enclosed by metallic surfaces still needs to 
be verified. Experiments for other surface orientations 
are lacking due to the difficulty of preparing such sur- 
faces. Feasible methods for preparing TI surfaces are 
cleaving [8','9], a combination of cutting, polishing and in 



situ cleaning, as well as epitaxial growth p3Hl6] . While 
cleaving and epitaxial growth have so far only been used 
to prepare the very stable (111) surface (except for the 
cubic HgTe(OOl) [E]), cutting and in situ cleaning could 
in principle give any desired surface direction, but the 
approach is hindered by the small size of crystals, their 
strong anisotropy and the high likelihood to off-set the 
delicate stoichiometry near the surface during the in situ 
cleaning process. 

Here we show that an epitaxial film of the topolog- 
ical insulator Bii-a^Sb^^ can be grown in the (110) ori- 
entation by evaporating a mixture of Bi and Sb on 
a Bi(llO) surface. Since x is quite small in the TI 
phase (0.09 < x < 0.18), the lattice mismatch between 
the Bi substrate and the film is so small [17 that the 
growth is quasi-homoepitaxial, resulting in a high-quality 
Bii_a^Sba;(110) film. Fig. [TJa) shows the Fermi contour 
for a film of Bio.86Sbo.i4(110) measured by ARPES (i.e. 
the photoemission intensity at the Fermi level) and it is 
immediately obvious that for this surface three TRIMs 
are enclosed by Fermi contours: f , M and Xi, in sharp 
contrast to the (111) surface of this TI where only the F 
point is enclosed by an odd number of Fermi contours. 

Before discussing the experimental results in more de- 
tail, we briefly review the theoretical predictions for the 
Bii_2;Sba; surfaces by Teo, Fu and Kane [5 . Their ap- 
proach and its results are illustrated in Fig. [TJc)-(e). The 
parity invariants 5 for the eight bulk time-reversal invari- 
ant momenta (TRIMs) F^ in Bii-a^Sb^^ are all found to 
be —1, except for the bulk L point where S{L) = 1 for 
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Bii_a;Sba; with {x > 0.09) and 6{L) = —1 otherwise. 
The surface fermion parity tt for each surface TRIM de- 
termines the topology of the surface Fermi contour. It 
can be calculated from a projection of the bulk parity 
invariants using the relation 7r(Aa) = {—l)^^S{Ti)S{Tj)^ 
where is the number of occupied, spin-degenerate bulk 
bands, i.e. 5 for Bii-a^Sb^^. This procedure is illustrated 
in Fig. [TJc) together with the bulk and surface Bril- 
louin zones. The predicted surface fermion parity values 
for the surface TRIMs of the (111) and (110) surfaces 
in the TI state {x > 0.09) are also shown. The surface 
fermion parity values for the surface TRIMs immediately 
give the topological prediction for the Fermi contour: the 
TRIM should be enclosed by an odd number of contours 
for TT = —1 and by an even or no contour for tt = 1. 
The topologically expected closed contours are marked 
by blue circles. Bii_a^Sba;(lll) shows one such contour 
in the surface Brillouin zone whereas Bii_a;Sba^(110) has 
three. 

The topological predictions for Bii_a;Sba;(110) and 
Bi(llO) are compared in Fig. [ijd) and (e). The quan- 
tum phase transition to a TI at x = 0.09 changes the 
bulk Fermion parity for the L point from —1 to 1 and 
this leads to a surface fermion parity change at X2: For 
Bii_a;Sbaj(110) one expects to find an odd number of 
Fermi level crossings between X2 and any other TRIM 
whereas there would be an even number for Bi(llO). 
Note that such a rich surface state topology would not be 
expected for a non-(lll) surface of most other topological 
insulators (e.g. Bi2Se3) because there the bulk parity in- 
version happens only at the F point (^(F) = — 1), which, 
combined with the even n^, leads to merely an odd num- 
ber of closed contours around the f point of the surface, 
as illustrated for Bi2Se3(110) in Fig. [ijf). 

The measured Fermi surfaces for Bi(llO) and 
Bio. seSbo. 14(110) are shown in Fig. [T]^a) and (b), respec- 
tively. They are, at first glance, very similar to each other 
and to published results for Bi(llO) [HI [19]. The domi- 
nating features are topologically required closed contours 
around the f , M and Xi points as well as a small electron 
pocket on the Xi — M line. This electron pocket does 
not encircle any TRIM and is irrelevant for the surface 
state topology, but in order to facilitate the comparison 
between the topological predictions and the data, it has 
been included as a yellow feature in Fig. [TJd),(e). The 
topological prediction for Bi(llO) also requires the exis- 
tence of a closed Fermi contour around X2, but this is 
not clearly confirmed by the data in this overview scan. 
In any event, such predictions do not necessarily have to 
be fulfilled for a semimetal because the topologically re- 
quired parity changes between surface TRIMs could also 
be accomplished by the bulk states crossing the Fermi 
surface. Such projected bulk Fermi surface elements are 
found near the Xi and X2 points on Bi(llO). They are 
indicated by the red areas in Fig. [ije). 

The topological quantum phase transition from Bi to 



Bii_a;Sba^ should be refiected in a change of the surface 
state dispersion around the X2 point. This is consis- 
tent with the observed change between the Fermi surface 
maps of Fig. [TJa) and (b): While the photoemission in- 
tensity at the Fermi level near X2 is an elongated stripe 
in the T — X2 direction for Bi(llO), this stripe is split into 
two features on either side of X2 for Bio.86Sbo.14. This 
situation near X2 is further explored by a high-resolution 
scan along F — X2 for both Bio.86Sbo.i4(110) and Bi(llO) 
in Fig. [2j The surface state dispersion in this direction 
is quite different in the two cases: Both surfaces share 
the hole pocket around f but whereas the band forming 
this pocket disappears into the projected band states for 
Bio. 86 Sbo. 14 (110), its dispersion reaches a binding energy 
maximum for Bi(llO) before it disperses back towards the 
Fermi level. It only merges with the bulk bands in the im- 
mediate vicinity of the X2 point. For Bio.86Sbo.i4(110), 
on the other hand, there is no state observable at X2 but 
a shallow electron pocket very close to this point. 

These differences in the band structure bring the ex- 
pected topology change about. For Bi(llO), one would 
expect the X2 point to be encircled by an odd num- 
ber of Fermi contours. Experimentally, the situation 
is somewhat unclear because it cannot be determined 
if the surface state band barely crosses the Fermi level 
on both sides of X2, forming a small hole pocket around 
the point, or if it stays occupied. In any case, this is 
not important because one would not necessarily expect 
the topological predictions to be strictly fulfilled to for a 
semimetal surface. Any required change of parity could 
be brought about by the bulk band continuum near X2. 
For Bio.86Sbo.i4(110), on the other hand, the topologi- 
cal predictions should be strictly followed. In contrast to 
the situation for Bi(llO), X2 should not be encircled by 
a closed Fermi contour and it clearly is not: the shallow 
electron pocket marked by a yellow line is close to the 
X2 point but it does not encircle it. Indeed, the electron 
pockets on either side of X2 can clearly be seen in the 
Fermi surface scan of Fig. [ija). 

A final topological prediction for Bio.86Sbo.14 is the ex- 
istence of a closed Fermi contour around Xi. This can 
already be seen in Fig. [TJa) but is shown more clearly by 
a detailed inspection of the band structure around this 
TRIM in Fig. [3] The high-resolution Fermi contour in 
Fig. (sja) already shows a closed contour around Xi in 
the immediate vicinity of the two electron pockets along 
Xi — M. Scans around Xi towards M and F reveal that 
this feature is another electron pocket. In fact, the band 
giving rise to it merges with the lower Rashba-split sur- 
face state bands originating from M and f to form a 
Dirac point at Xi but this Dirac point is situated in the 
projected valence band. This situation and the shape of 
the Fermi contour around Xi is similar to the situation 
on Sb(llO), i.e. the case of x = 1 [20]. 

The entire Fermi contour of Bio.86Sbo.i4(110) is thus 
in excellent agreement with the theoretical predictions 
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FIG. 1: (a) and (b) Photoemission intensity at the Fermi energy for Bio.86Sbo.i4(110) and Bi(llO), respectively. Dark corre- 
sponds to high intensity. The spectroscopic signature of the topological quantum phase transition is expected close to the 
point where a splitting of a Fermi surface feature is observed (marked by arrows), (c) Projection of the bulk parity invariants 
b onto the (111) and (110) surfaces of Bii-^Sba^, resulting in the surface fermion parity values tt for the time-reversal invariant 
momenta (TRIMs). The black dots mark the positions of the time-reversal invariant momenta (TRIMs) in the surface Brillouin 
zone. The blue areas surrounding TRIMs denote an odd number of closed Fermi contours around the TRIM, (d) - (f) Topo- 
logical prediction for the surface electronic structure of the (110) surfaces of Bii_ccSbcc (x > 0.09), Bi and Bi2Se3, respectively. 
The yellow contours are additional but topologically insignificant Fermi contour features found in the experiment. The small 
red features in (e) correspond to the projected bulk Fermi surface. 



for this surface. It is also substantially more complex 
than that of Bii_ajSbaj(lll) or the predictions of the 
non-(lll) surfaces of Bi2Se3-type topological insulators. 
Indeed, this illustrates the design possibilities when ex- 
ploiting the surface orientation of a topological insula- 
tor. The example shown here is particularly interest- 
ing because it adds a valley degree of freedom to the 
topological Dirac fermions, something that is currently 
attracting great attention in the case of graphene [21 . 
It should also be possible to use the same strategy for 
the construction of quasi one-dimensional surface states 
on three-dimensional topological insulators, as already 
found for the vicinal parent surface Bi(114) [22] . 



METHODS 

Experiments were performed at the SGM-3 beamline 
of the synchrotron radiation source ASTRID [23j. Thin 
films of Bii_a;Sba;(110) were grown in situ on a Bi(llO) 
substrate by simultaneous evaporation of Bi and Sb from 
an e-beam source. The Bi(llO) surface had previously 
been cleaned by cycles of Ne ion sputtering and anneal- 
ing. Data were taken for different film thicknesses and 
compositions. The data shown here were obtained from 
a film with a thickness of approximately 25 double layers 
and X = 0.14 (here the term double layer is used to group 
the first and second layer of the A7(110) surface. These 



are almost at the same height [24 H 26 ] ). The growth rate 
and chemical composition of the film were determined by 
inspecting the shallow Sb 4d and Bi 5d core levels, as in 
Ref. 15, The energy and angular resolution for ARPES 
measurements were better than 20 meV and 0.2°, respec- 
tively. The photon energy was 28.5 eV for the data shown 
in Fig. [T] and 18 eV otherwise. Data were collected for 
many different photon energies between 14 eV and 32 eV 
in order to make sure that the features discussed above 
as surface states are in fact surface states, i.e. that their 
dispersion does not depend on the photon energy. The 
sample temperature during the measurements was 80 K. 
The bulk Fermi surface projections and band structure 
surface projection were calculated using the tight-binding 
parameters of Liu and Allen [27 . For the alloy, the pa- 
rameters were interpolated following the method in Ref. 
m The calculation of the surface band structure follows 
the transfer matrix method used in Ref. 5 but employs a 
Green's function method to calculate the spectral func- 
tion for a semi-infinite crystal [28] . 
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FIG. 2: Detailed electronic structure along the T — X2 line 
for (a) Bio. seSbo. 14(110) and (b) Bi(llO). Dispersing surface 
states are marked by dashed coloured lines as a guide to the 
eye. The red dots denote the projected bulk band structure. 
The inset shows the surface Brillouin zone with the topolog- 
ical predictions in blue and additional experimentally found 
Fermi contours in yellow. The magenta lines in the inset mark 
the scan direction. 
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FIG. 3: Detailed electronic structure around the Xi point of 
Bio.86Sbo.i4(110), confirming the existence of a closed Fermi 
contour around this point, (a) Photoemission intensity at the 
Fermi level. The arrow marks the closed contour, (b) Sketch 
of the surface Brillouin zone with the scan directions marked 
by a green and a magenta line. For the colour coding of the 
schematically indicated Fermi surface features, see caption of 
Fig. [1] (c) Band structure around Xi towards the M points 
(magenta line in (b)). (d) Band structure around Xi towards 
the f points (green line in (b)). The closed Fermi contour 
around Xi is found to be an electron pocket. A Dirac point 
is formed at Xi, but it lies inside the projected continuum 
of the bulk valence band. The projected band structure is 
outlined by the red dots. 
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